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Edited by Horst FeldmannAbstract Dopamine is a major regulator of sodium reabsorp-
tion in proximal tubule epithelia. It induces the endocytosis of
plasma membrane Na,K-ATPase molecules, and this results in
a reduced capacity of the cells to transport sodium. Dopamine
induces the phosphorylation of Ser-18 in the a1-subunit of
Na,K-ATPase. Fluorescence resonance energy transfer analysis
of cells expressing YFP-a1 and b1-CFP reveals that treatment
of the cells with dopamine increases energy transfer between
CFP and YFP. This is consistent with a protein conformational
change that results in the N-terminal end of a1 moving closer to
the internal face of the plasma membrane.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The regulation of renal sodium reabsorption is a major
determinant of blood pressure [1–4]. Impaired hormonal regu-
lation of Na,K-ATPase (NKA) activity in renal tubules has
been linked to the development of high blood pressure
[1,4,5]. The NKA, located within the basolateral membrane
of tubular epithelial cells, maintains a transmembrane concen-
tration gradient for sodium, ensuring the net reabsorption of
this cation [5,6]. We have demonstrated in opossum kidney
(OK) cells, a cell culture model of proximal tubule epithelia,
that dopamine (DA) stimulation leads to a reduced NKA
activity. This process is mediated by protein kinase C
(PKC)-dependent phosphorylation of Ser-18 within theAbbreviations: CFP, cyan ﬂuorescent protein; DA, dopamine; NKA,
Na,K-ATPase; FRET, ﬂuorescence resonance energy transfer; OK,
opossum kidney; PI3K, phosphoinositide-3 0 kinase; PKC, protein
kinase C; YFP, yellow ﬂuorescent protein
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doi:10.1016/j.febslet.2006.08.035NKAa-subunit N-terminal [7,8]. Upon phosphorylation,
NKA molecules are internalized by endocytosis, and this re-
sults in a lower NKA activity at the cell membrane [9]. Hor-
mone-dependent phosphorylation of a1 Ser-18 triggers the
mechanism by which the phosphorylated NKA molecules are
retrieved from the plasma membrane. The objective of the
present study was to determine, using ﬂuorescence resonance
energy transfer (FRET) analysis, the role of the a1 phosphor-
ylation for changes in the a1 N-terminus conformation as part
of the mechanism of DA-induced NKA endocytosis.2. Materials and methods
2.1. Cell culture and transfection
The NKA is composed of two subunits, a and b. Although diﬀerent
isoforms of these subunits are expressed in diﬀerent mammalian
tissues, the kidney only expresses the a1 and b1 polypeptides [10].
Because of this, in our transfection experiments, we used cells express-
ing only the a1 and/or b1 isoforms. OK cells stably expressing the wild-
type rat NKAa1 were cultured in Dulbecco’s modiﬁed Eagle’s medium
supplemented with 10% calf serum, 3 lM ouabain and antibiotics.
Plasmid preparation and stable expression of exogenous NKAa1 were
performed as previously described [11,12]. Cells expressing NKAa1
were selected with 3 lM ouabain [11,12]. For expression of b1-CFP,
wild type OK cells were transfected with expression vectors for both
rat a1 and b1-CFP (containing the Neo-gene conferring resistance to
G418), and selected with both 3 lM ouabain and 0.8 mg/ml G418. Be-
fore treatment with hormones, cells were incubated for 30 min in the
same culture medium without serum, buﬀered with 50 mM HEPES.2.2. Cell treatment
The optimal concentrations of the reagents used and the extension of
the treatments used in these experiments were as previously determined
[8,13,14]. Cells attached to glass coverslips were incubated with 5 lM
monensin for 30 min and then with 1 lM DA for 10 min at room tem-
perature. The cells were washed twice with phosphate-buﬀered saline
containing 1.2% sucrose (PBSS), ﬁxed with freshly prepared 4% para-
formaldehyde in PBSS for 10 min at 4 C, and washed again twice with
PBSS. Then, the coverslips were mounted on glass slides using mowiol
(EMD BioSciences, San Diego, CA). In some experiments, before and
during the treatment with hormones, the cells were incubated with
either 2 lM chelerythrine chloride for 30 min to inhibit PKC activity
or with 100 nM wortmannin for 20 min to inhibit phosphoinositide-
3 0 kinase (PI3K) activity.blished by Elsevier B.V. All rights reserved.
Fig. 1. Fluorescent images of typical transfected cells were acquired
through the following channels: (A) YFP-a1, YFP channel; (B) b1-
CFP, CFP channel; (C) YFP-a1, FRET channel; (D) b1-CFP, FRET
channel.
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The ﬂuorescence imaging workstation consisted of an Olympus IX-
81 inverted ﬂuorescence microscope equipped with 60·/100· oil
immersion objective lens, cooled Hamamatsu Photonics ORCA-ER
CCD camera, a halogen 100-W light source, a motorized ﬁlter and
shutter, scan wizard for collection of x/y and z-image sequences and
wavelength positions over time, all controlled by the SimplePCI soft-
ware (Compix, Cranberry Township, PA). For all intensity measure-
ments, the dynamic intensity analysis module of SimplePCI was used.
2.4. Fluorescence resonance energy transfer
For FRET determinations, the NKAa1 subunit was fused to yellow
ﬂuorescent protein at its NH2-terminus (YFP-a1), and the b1 subunit
was fused to cyan ﬂuorescent protein at the COOH-terminus (b1-
CFP). Individual ﬂuorescent fusion proteins, or a/b pairs, were stably
expressed in OK cells. Images were acquired sequentially through three
channels using the following ﬁlter sets (Chroma Corp., Rockingham,
VT): CFP (excitation, 436/20 nm; emission, 470/40 nm), YFP (500/
20 nm; 535/30 nm), and FRET (436/10 nm; 535/30 nm).
Corrected FRET (FRETC) was calculated on a pixel-by-pixel basis
for the entire image using the equation FRETC = FRET  (0.472 ·
CFP)  (0.023 · YFP) [15], where FRET, CFP, and YFP correspond
to background-subtracted images of cells co-expressing CFP and
YFP acquired through the FRET, CFP, and YFP channels, respec-
tively. 0.472 and 0.023 are the fractions that were calculated for the
bleed-through of CFP and YFP ﬂuorescence, respectively, through
the FRET ﬁlter channel. These values of bleed-through were very close
to those described by other researchers for the CFP/YFP pair [16].
Normalized FRET (FRETN) values were calculated according to
the equation [15] FRETN = FRETC/(YFP · CFP), where FRETC,
CFP, and YFP are the mean intensities of FRETC, CFP, and YFP
ﬂuorescence.
Pseudocolor FRETC images were obtained using the ISee Imaging
program from Digital Analysis Technology, Raleigh, NC. Pseudocolor
FRET images are displayed with deep blue (cold) indicating low values
and bright red (hot) indicating high values.
2.5. Statistics
Comparison between two experimental groups was determined with
the non-paired Student’s t-test. A P < 0.05 was indicated with an ‘‘’’
in the ﬁgures. For the microscopic images, at least 10 randomly chosen
cells were used in each experimental condition. Each experiment was
repeated at least three times.3. Results
We have hypothesized that DA-dependent phosphorylation
of a1 Ser-18 induces a protein conformational change [12]. As
other researchers have previously demonstrated conforma-
tional changes of the NKA molecule by determination of
FRET between ﬂuorophores attached to the extracellular
and intracellular NKA domains across the lipid bilayer
[17,18] we used FRET between YFP-a1 and b1-CFP to test
the above hypothesis. Taking into consideration the NKA
structure, YFP would be located on the intracellular, and
CFP on the extracellular domains of NKA [6].
Figs. 1A and C illustrate the ﬂuorescence produced by cells
expressing YFP-a1 determined through the YFP and FRET
channels, respectively. Figs. 1B and D illustrate the ﬂuores-
cence produced by cells expressing b1-CFP through the CFP
and FRET channels, respectively. Ratios of intensities of these
images were used to calculate the values 0.023 and 0.472 of
bleed-through of YFP and CFP ﬂuorescence, respectively,
used in equation 1 (see Section 2) to calculate FRETC.
That the donor and acceptor ﬂuorophores are expressed at
similar levels is very important for the calculation of FRET
[16]. This was not a problem in our studies. Figs. 1A and B
illustrate similar levels and patterns of ﬂuorescence, which sug-gest that YFP-a1 and b1-CFP were expressed at similar levels
and had a similar cell distribution. Because FRET is deter-
mined by illuminating ﬂuorophores at the excitation wave-
length of CFP and recording ﬂuorescence at the emission
wavelength of YFP, the ﬂuorescence as determined in the
FRET channel of cells expressing YFP (Fig. 1C) is lower than
the ﬂuorescence in the FRET channel of cells expressing CFP
(Fig. 1D).
FRET was determined in cells expressing both YFP-a1 and
b1-CFP (Fig. 2A–D). Normalized FRET, which is indepen-
dent of the concentrations of the ﬂuorophores [15], was ac-
quired through pixel-by-pixel intensity recalculation and
presented as pseudocolor images. In non-treated cells, FRET
was observed in the plasma membrane and areas of the cytosol
that are close to the plasma membrane (Fig. 2A). Treatment of
the cells with dopamine produced an increase in the level of
FRET, as illustrated in Fig. 2B. This ﬁgure also illustrates that
after treatment with DA more cytosolic areas present FRET as
compared with cells that have not been treated with DA. This
is consistent with our previous observations that DA induces
the endocytosis of NKA molecules [9,19]. Pre-treatment
of the cells with the PKC inhibitor chelerythrine chloride pre-
vents the NKAa1 phosphorylation and subsequent endocyto-
sis [14]. Accordingly, the level and cell distribution of
normalized FRET in cells treated with chelerythrine
(Fig. 2C) is similar to those observed in non-treated cells
(Fig. 2A). In cells treated with dopamine, wortmannin does
not aﬀect the phosphorylation of a1 but prevents the activa-
tion of PI3K and the endocytosis of NKA molecules [9]. Con-
sistently, in cells treated with wortmannin, DA induced an
increased level of normalized FRET (compare Fig. 2D and
A), but the ‘‘movement’’ of FRET toward the inside of the cell
was prevented (compare Fig. 2D and B). Quantitation of the
level of FRET (Fig. 3) suggests that the DA-dependent phos-
Fig. 2. FRET images were acquired as described in Section 2 and presented as pseudocolor images. Treatment: (A) control; (B) dopamine; (C)
chelerythrine chloride plus dopamine; (D) wortmannin plus dopamine.
Fig. 3. Quantitation of FRET. Values of FRET in non-treated
(Control), DA-treated (DA), chelerythrine chloride plus DA-treated
(Chl + DA), and wortmannin plus DA-treated (Wrt + DA) cells are
displayed. *P < 0.05 with respect to non-treated cells.
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N-terminus. After this conformational change, the two ﬂuoro-
phores are closer than in non-treated cells, which is reﬂected by
the increased level of FRET. Because of the lack of NKA
structure information, we do not know the initial distance be-
tween YFP and CFP. However, we can estimate the magnitude
of the conformational change using the equation for energy
transfer [15]. The Fo¨rster radius R0, the distance at which en-
ergy transfer is 50% eﬃcient, for the pair CFP-YFP is 4.92 nm
[20]. Assuming that the initial distance between the two ﬂuoro-
phores is between 1.3 · R0 (corresponding to the lipid bilayer
thickness) and 2 · R0, which is the maximum distance at which
FRET can be measured [15], the 2.4 times FRET increase
shown in Fig. 3 would correspond to a conformational change
that results in YFP being between 1.1 and 1.4 nm closer to
CFP.4. Discussion
Our results indicate that the DA-dependent FRET increase
is the result of a conformational change and not due to endo-
cytosis of NKA molecules. Thus, we observed the increase of
FRET induced by DA persisted in cells treated with wortman-
nin, which inhibits the endocytosis of NKA without aﬀecting
the phosphorylation of a1 [9]. Since normalized FRET is in-
creased, the conformational change is such that the two ﬂuoro-
phores are closer to each other after the treatment with DA.The fact that DA induces a large change in normalized FRET
does not mean that the conformational change is large. As
FRET is related to the inverse sixth power of the distance be-
tween the ﬂuorophores [15], small changes in distance between
the ﬂuorophores would result in large FRET changes. Accord-
ingly, we have calculated that a 14–18% shorter distance be-
tween YFP and CFP would account for the dopamine-
dependent increase of FRET illustrated in Fig. 3.
Although we observed a similar level of expression and dis-
tribution of the ﬂuorescent fusion proteins, it is possible that a
few of the YFP-a1 molecules were associated with non-ﬂuores-
cent b-subunits. The cells were maintained in a medium con-
taining 3 lM ouabain, which results in near-total inhibition
of endogenous NKA, therefore almost all NKAa1 had the
YFP ﬂuorophore. However, it is possible that not all of the
b-subunits contained fused CFP. This should not be a problem
for evaluating the outcome of our experiments because (i)
FRET determinations were performed by illumination of the
donor CFP ﬂuorophore attached to the b-subunit; therefore,
non-ﬂuorescent beta subunits cannot originate any FRET sig-
nal; and (ii) the level of FRET determined is the average pro-
duced by millions of NKA molecules and not from a single
molecule. Furthermore, the increased level of FRET was not
due to some cells having larger expression of b1-CFP than oth-
ers because in several experiments we consistently observed
that the increased level of FRET was associated with the treat-
ment of the cells with DA, and that the FRET increase was
prevented by pre-treatment of the cells with the PKC inhibitor
chelerythrine chloride. We also consistently observed that the
two ﬂuorophores, attached to the a1 and b1 NKA subunits,
were expressed at similar levels, as illustrated in Fig. 1A and C.
We have previously demonstrated that after the dopamine-
dependent phosphorylation of Ser-18, PI3K binds to a polypr-
oline domain located around position 78 in the ﬁrst intracellu-
lar domain of the NKAa1 [21], and that PI3K binding is
facilitated by the protein 14-3-3 [22]. This protein facilitates
protein-protein interaction by acting like a clamp between
the two protein interacting domains, one of them being a phos-
phorylated amino acid [23]. Therefore, it is likely that the
dopamine-dependent phosphorylation of a1 Ser-18 induces a
conformational change of the a1 N-terminus so that Ser-18
is close to the polyproline domain. As a result of that, the pro-
tein 14-3-3 may interact with the phosphate at Ser-18, at one
end, and with PI3K, at the other end, facilitating the binding
of PI3K to the polyproline domain. Then, PI3K would be lo-
cated close to the inner face of the plasma membrane, and may
act on the membrane phospholipids to produce phosphoinosi-
tides that activate the proteins (adaptor protein 2, dynamin,
clathrin) responsible for NKA endocytosis.
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